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intrinsic variations of total solar irradiance  have, after ncar]y  a century of sustained effort, been
dcmonstra.tcd  by flight experiments during solar cycles 21 and 22. This accomplishment has
been the result of a collaborative cfl’ort on behalf of several groups of rcscarchcrs  in both the
United States and Europe. I“’he overriding concern at this poi]lt  of time is whether the integrity
of the precision long term solar total irradiancc  database, which began at the maximum of solar
cyc]c 21 and continues in the present, will be lost in the late 1990’s, prior to the inception of
experiments planned for the NASA Earth Observing System beginning in 2002. F;xpcrimcnts
are not currently in place to prevent an unbridgeable discontinuity in the precision total solar
irradiancc database.

1. Introduction
“1’he desire  to monitor total solar irradiarlcc  (“J’S]), the energy supplied to tl]e IIlarth

by the Sun, has been a goal of mankind for more tllarl a century. ]ntercst in ]Jossit]lc
variability in this quantity arose from a realization t}]at it is a primary determining factor
for the Earth’s climate. At any time in the I’;arth’s  history the total solar  irra.diance,
atmospheric chemical composition, and the distribution of oceans  and lancl  masses act in
combination to determine the radiative balance, allcl  hence tile climate, of tile biosphere.

In recent years the science of ]>aleocli]~~atc)lo~;y  has made great advances in understand-
ing past climate changes and their  causal ]necl]a]lisms, On tile timcscale  of billions of
years, solar luminosity is thought to have increased about 30% during  tile evolutionary
cyc.lc of tile Sun. About a billion years before  present the increase in total solar irradiance
combined with changes in the composition of the l~arth’s  atmosphere to provide a climate
that could support life (Newkirk 1982). “J’he largest climate changes during tl]e existence
of life on Earth were most likely of non-solar origin. Some were caused by volcanic-driven
sea floor spreac]ing that moved the continental land masses and changed the tc)pology
of tile ocean basins. The resulting alterations of ocean circulation, tile primary heat
exc]lange mechanism for the ]I; arth’s climate, resulted in major climate changes. Others
may  have been caused by the impact of extra-terrestrial objects sucli as asteroids or large
meteorites. ‘1’he most recent large scale climate change began aljout  65 million years ago
and continues into  the present.

On timescales  between 19 and 100 hundred thousand years, periodic variations in the
l;arth’s  orbit, the so-called hli]ankovich  eflccts, l]ave i]lduced  all effective variation of the
total solar irradiance  of tile T;arth. ~’he recc)rd of resulting climate variations has been
inferred frc)m the stratigraphy  of benthic  forma  ~lifcr-a and tl]e ratio of oxygen isotopes
(1 6/18  arnu)  found irl cores of sea floor sediment. While  tl]is is not an example of intrinsic
sc)lar variability and its climatic effect, it is a dra,rnatic  example of tile climate impact of
subtle variations of solar irradia]lce  (11 ays ci al. J 976).

2’IIC magnetic ‘activity’ cycle of tile Sul] is known to l]avc varied in period icity and
lnagnitude.  Variations over the ])ast tcn thousand  years arc chronicled l)y tl]e varying
al)undances  of ‘cosmogonic’ isotopes, nc)tal)ly carl)on 14 in living ant] fossil organic. ma-
terials and beryllium 10 in Greenland ice corm. l’criodicitics  near  11, 88, 208 and 2300
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years  have  been  f o u n d  (I)amon & Sonncl  1 991; I\eer ci al. 1990) .  Dur ing  tllc pas t
millennia, variations of solar activity are corrwlatec]  wit]]  pcriocls  of signif icant  cl imate
change. While ‘J’S] variations were suspected as t}Ie cause of tl]ese clianges, direct obser-
vations linking ‘J’S] slid  solar  activity variatic~n  was not available until  rcccntly  (lVillson
& ]] UdSOIi ] 988).

2. Attempts to measure total solar irradiance  variability

Attmnpts  were made to detect ‘IS] variability frcnn ground based observatories, most
notably by the Smithsonian Astrophysical Observatory, over the first half of the 20tA
century (Abbot  & Fowle 1908; Iloyt 1979). l)uring  the following 30 years, experiments
with the same objective were conducted using aircraft, high altitude balloons, sounding
rocket  and space flight platforms (Ihoh]ich  1976). All were unable to detect total irradi-
anc.e variations that were unambiguously solar in origin. I“ailure of the intra-atmosphmic
experiments was caused by uncertainties of atmospheric attenuation for the ‘J’S] that
masked solar  variations from even high flying aircraft arid balloons. Failure of exha  at-
mospheric experiments on rockets and early  satellites was due to limitations in accuracy
and precision of early solar monitoring flight i]lstr~l]~~elltatio~~  (Willson  1984).

q’wo developments following the end of the Smithsonian ground-based program facili-
tated the modern exploration of solar total  irradianc.e  variations: the development of new,
more accurate and precise ‘J’S] detectors, and tl]e availability of s]]ace flight platforms
capable  of supporting sustained observations.

The first of a new generation of total solar irradiance measurement i]]strll]r]e]lt:itio]l,
so-called electrically self-calibrating cavity (ESCC)  detectors, was developed at the Jet
I’repulsion I,aboratory  (JP1,)  in the mid 1960’s as part of its effort to understand tile ther-
mal bcllavior  of interplanetary spacecraft. Several versions of tl]ese new ‘pyrlleliometers’
were subsequently developed at J 1’1, for different a])plications: tl]e ‘J’hcrlna.]  Control Flux
Monitor (’J’CFM) for the hlariner  1969 mission (1’lamoncton  196!9),  the Practical Cav-
ity Radiometer (1’ACRAI))  for laboratory lneasurcments  (Kendall & ljcrdahl 1970)  and
the Active Cavity Radiometer (A C1i.)  for ftigl]t  ol)servations  of g’SI on balloon, rocket,
shuttle and satellite platforms (Willson  1971, ] 984]. Similar detectors were deve.lo])ed at
other laboratories during tllc early 1970’s: at tl]c I’llysical Meteorological Observatory
at l)avos  (1’MOII - Switzerland) (Brusa &, F’rtihlicl)  1972), the IVational  ]Iureau  of Stan-
clarcts  (NIM - USA) (Gcist  1972), the l’;pplcy  1 laboratory (1(;1, - lJSA) (Ilickey  & Karo]i
1974)  arid the ILoyal hleteorological  lnstituk  of ];c]gium  (I{hlll])  (Crommc]ynck  1973).
An experiment was conducted in 1975 to est,ablisll  a ‘llS1 radiation scale (tile Wc)rld I{.a-
diation  ILcference) embodying the performance of five of these new sensors: tllrec  from
J]’], and one each from tl]e l’hfOJ)  and 1{.hilll (Ijrusa & 11’rblllicll  1975).

3 0 (Ibscrvations  of total solar irradialkce variability
~’he first implementation of I’Y5CC pyrl]cliolnetry  in a space fligl]t environment was by

tllc Jet Propulsion l,aboratory’s  q’Cl~h4  cx])erime]its  c)n t}le hlariner  6 and 7 spacecraft
in 1969.  A non ESC,C sc)lar detector was include{] i]i the hTimbus 6/1’; lil] cx])erimcnt
in 1975. l]oth  were unable  to detect intrinsic solar variability due to limitations in
i]lstrument accuracy, calibration, precision and se]lsc)r  degradatic)n  (1’lamondcnl  1 969).

‘J’llc first long term solar monitoring; utilizing an I;SCC  sensor was tile l;artll l{adiation
]Iudget  (1’;1{13) expcrilnent  on tl]c NOAA Nim?)us 7 spacecraft. ‘J’lle 1’;1{.11  solar database,
bcgin]]ing  in late 1978 and co]]tilluing to early  1993, is the longest currently availahlc
(Kyle c1 al. 1993). limitations im]~osed on I’;lijll  solar observations by tl]c abscnco of solar
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pointing on the. Nimbus platform sustained a noise level in the l+;l{l~  results that inhibited
rec.c)gnition of intrinsic solar variability until subsecjucnt detection by J1’1,’s Active C/avity
Radiometer lrradiarice  Monitor 1 (ACRIM 1) cx}lcrimcnt  ON tile NASA Solar Maximum
Mission (SMM)  in 1980 ((lf7illsm~  et al. 1981).  ‘J’]]c mutually corrohora.tive  function of
the ACRIM  I allcl  JI;Rl\ results Ilas played an important role in verifying solar  variability
on solar activity cycle tirnescales.

A series of shorter term 1’S1 experiments have been flown on or deployed from the
Space Shuttle to provide comparison experiments for satellite monitors. The Spa.celaL
1 and AII,AS flights between 1983 and 1993 employed two different ‘3’S1 experiments,
as has the slluttle,-dep]oyed  EURIWA  platfor)n that operated for 10 months starting in
mid 1992 (Wi]lson  1994; Ihohlich  1994; Crommelync.k  et al. 1994). The shuttle ACRIM
experiment has demonstrated a capability of sustainilig  satellite ‘1’SI experimexlts  with
less than 300 parts-per-million (ppm) unccrtaintyj  a precision cclmparable  or superior to
other methods (including radiometers operating at cryogenic temperatures) except for
overlapping, long duration satellite experiments.

4. Results of total solar irradiance varial>ilit  y observations
g’he most significant finding from the precision ‘J’S] database thus far is on solar cycle

timmcales:  a direct correlation of luminosity and solar activity (Willson  & Hudson 1988,
1991). With an O.1% peak-to-peak amplitude during solar cycle 21, it agrees in sense
with  that predicted from the coincidence of tl)e “l, ittle Ice Age” climate anomaly and
the “Maunder Minimum” of solar activity during the 16th arlcl l?th centuries.

Sc)lar cycle ‘I’S] variation is predicted with varying degrees of success by regression
models using the precision ‘1’S1 database and ‘proxies’ of solar  activity, such as the Ztirich
sunspot number, the 10.7 cm microwave %lLlx, IIe I j 083 nmi flux and tile ‘core-to-wing
ratic)’ of Mg II. ~’he use of the IIe 1 model led tc) tile i]]itia.1 realization of the primary
role of faculae ancl t}le brigl[t  network in the solar cycle  “J’S] variation (Foukal  & l,ean
1988,  1990;  Livingston ei al. 1988; Frohlich & l’ap 1989; Willson  & Hudson 1991).

As useful as these statistical ‘proxy’ models have been, however, it is not surprising
in view of their essentially no~i-pllysica]  nature that significant errors are found in some
model predictions. Underestimation of ‘H] has bcm a characteristic flaw near the max-
ima of solar cycles 21 and 22. (Jse of models based on proxies with long time series, such
as tlic suns])ot  area, has  tempted some modelers tc) make tenuous extrapolations into tile
past, re:;ardless  of the highly uncertain character of early proxy observaticms.

An inverse relationship between sunspot area and tots] irrad  iance ]Ias hcen found on
t}le  solar rotatic)nal  iimescalc (27 days) wit]) cleficits  in total irradiance  of as ~nL~ch as
-0.3Y0 (Wil]son  ei a~. 1981;  Willson  1 9 8 2 ) . ‘J’}lcre  is growing evidence that ]nost  of
tile missing flux is Lalanc.ed  by excess  facular radiation on tile active region timmcale
(mmlths) with the rest re-distributed  through tile bright network on tllc solar cycle
ti~nescale.

On tile shortest timescalcs,  solar global oscillatic)ns of low degree IIave bee~l  detected
in tile AC,ltlhl  1 total irradiance  data,  incluclill~;  pressure modes  (timcscalcs  of minutes -
tile so-callccl 5 minute oscillations or ‘p modes’) (11 udson & Wooclard 1983; Wooclard &
IIudson  1983) and possil~le  gravity mc)des (timescalcx  of hours  to days) (Frolllich 1987).
lntcrpretatic)n  of tile 5 minute oscillation results from the ACI{IM 1 experiment IIas
])lacml an upper limit on tile interior rc)tation rate of tile Sunl and tllercfc)re on solar
ol)latcmcss,  providing support for tllc relativistic i]itmpretatio]l  of tile precession of tile
])crillclion of hiercury,  ‘1’IIc p mode oscillatic)ns  arc concentrated in tllc convectio]i zc)ne,
‘J’l]mcfore  Lllc c]eptli within tllc Sun for wllic]l tllcir analysis can ])rovi(le I]mv ])llysical
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i~isight  is limited. SI)OUICJ g r a v i t y  m o d e  oscillaticnls be verified  in ‘J’S] data, llowcvcr,
information on physical processes extending to tlie solar cc)rc would be accessible.

‘1’imesca]cs  shorter than a year do not appear to be c)f direct climatological  illtercst
but contain infornlation  on solar variability that provicled  much new insig]lt  into the
physics of the Sun, Continuous ‘J’s] monitoring, particularly by satellites wit]] a higl]
cluty cycle  of solar pointing cluring  each orbit, can provide the observations that will
facilitate future solar  models that can predict, ‘J’S] variability with su~cient  precision to
anticipate corresponding climate variations.

5. I’mscnt and planned total solar irradiancc  monitoring
‘J’he precision ‘1%1 database is being sustained at presmlt by two experiments: the

NASA IHiJIS experiment launehecl  in 1984, ancl t}le J1’1,/NASA  Upper  Atmosphere Re-
search  Satellite (U AR S)/ AC, RIM 11 experiment, launched in 1991. ‘1’he hTimbus7/1’;RIJ  ex-
periment,  after more than 14 years of operation, ceased acc]uiring  TS1 data in early 1993.
~’he next planned satellite TSI experiment is the. I;SA SOIJO/VIRGO  (1995 ]aunc}]),
to bc followed by three ACRIM  experiments in the NASA Earth Observation System
Clllth!J  platforms (beginning in 2002). Annual under-flights aboard the Space  Sllutt]e  by
ACltJh4 and CR,OM instrumentation will contil]ue at least  L}lrough  1994.

6. Sustaining the total solar imacliancc database
‘1’hc detection of solar luminosity variability proportional to magnetic activity during

solar  cycles 21 and 22 provides the inlpetus to extend  the irradiance data,hase  wit]] max-
imum precision. While the 0.1 YO peak-to-peak variation cluring  these cycles may be of
mi]kor cli)natological  interest, the direct  corre]atio~l  between  activity and luminosity im-
plicates 1S1 variations as the causal  mecllanisln  for kncnvn frec{uencies  of climate changes.
If that is tl]e case there must be other ]uminosity  variabilities with  longer period icities
and proportionately larger amplitudes that have sip;nificant  climatic im])lications.  Subtle
trends  in the total irra.diancc  of as little as 40.5 pcreent  per century cc)uld  eventually
produce the extreme range of c]i]nates  known to have existed in tlic past, froln  war~n
pcric)ds withoui  permanent ice, to the great ice ages (l;cJcJy  1976).

Accumulation of a century-long database capable of detectin~;  ‘J’S] trends of climatolog-
ical significance, with the continuity  required for development of a physically meaningful
solar 2’S1 model, will necessarily be com])osed of tile rcsu]ts  of many individual solar
monitoring experiments. If these expcrimentls last between tllrec and ten years  each, t,lle
results of fro~n ten to twenty  will llavc  to be related with adjacent prccisions  of 50 to less
t)]lan 20 ppm  to resolve a century of change  at tile 0.5% level with a 10:1 signal to noise
ratio.  A careful measurement strategy will be required to sustain the required precision
for the ‘J’SI database since the ‘absolute’ uncertainty c)f current satellite illstr~ll~~clltation
is inadequate for this purpose.

‘J’hc ‘absolute’ uncertainty (relative to S.1. units) of tile current generation of flight
‘1’S1 il]strlllllelltatiol),  which operates at a.ml)iellt tmnperatures, is al)out  1000 ])pm in
tile laboratory and about  2000 in flight cxpcri~nent,s.  2’IIc  absolute uncertainty of a new
generation of ‘J’S] sensors operating  near tile teml)eraturc  of liquid ]Ielium  a.pproac.lles
1 0 0  p])nl in tile labora tory  (h4artin  & l“OX 1994). ‘J’hcse cryc)genic  se~lsc)rs  face some
sig~lificarlt  ]lllrclles  in tl]e  effort to transform t]lem into space flight experiments, llowcwer.
‘J’hey must use ]nuc]l sma]]er  a]~ert,ures  (0.3 cm dialncter)  t]lall t]lcir laboratory versions
to lnillimize  solar input t]lat would otherwise ]~rcwcllt  tllc s])ace flight qualified stirli]lg
c.yc.le ‘refrigerators’ from maintaining tcln])eraturcs  below 20 K. Suc]l s~na]l  apcrturm
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are  di~cult,  to make and ]neasure  a c c u r a t e l y  and tl)cy  are m u c h  rnorc  susc.cptible  t o
C.c)nta.rnination than the large- aperturecl (0.8 cm diameter) ambient temperature scmsors.
A realistic expectation for their eventual in-fl igllt ])m-formanc.e  woLlld  be in the several
]]unclrccl  ppm uncertainty range. Clearly, the ahsc)lute  uncertainty c)f neitl]er tl]e  ambient
or cryogenic temperature ‘1’S1 sensor techno]og;y  is adequate tc) sustain a contiguc)us  long
term database.

A relative precision of less than 50 pprn is achieva.blc  for the data c)f overlapped solar
monitors with the current state-of-the-art ambient temperature i]~stru]~lelltatic)  ~), given
a sufllcient  nunlber  of overlapping comparisons (Wil]son  1994). ‘1’he principal source
of uncertainty for the ‘overlap strategy’ is clegraclation of solar  monitoring sensors over
multi- year missions. ~’he ACRIM  experiments have clemons~rated that calibration of
such degradation is possible at the level of a 50 ppm per decade  or IIXS (Willson  &
IIuclson  1991).

It is clear that the only available monitoring approach capable of supporting the con-
tiguous 1’S1 database is one that relates successive solar monitoring experiments at a
precision level defined by the operation of the instrumentation in the space flight envi-
ronment. ‘] ’he method of choice is the overlapping and comparison of successive solar
monitoring experiments: a. so-called ‘overlap strategy’. 1+’ailing  that,  relating successive
“J’S] monitors using results from a. ‘third party’ experiment that ovmlal)s hot]] would he
next best, but with inherent additional uncertainty.

A logical role for cryogenic instrurncntation,  at least during its developmental stage, is
as a, shuttle-based unclerflight  experiment. A relatively inexpensive experiment based on
the use of expendable cryogcms could be used to test tile technology and provide periodic
calibrations of ambient temperature satellite ‘]’S1 monitors with enhanced accuracy.

‘J’he ‘overlap strategy’ was to have begun witl] tllc ShIM/ACltlh’J  1 and lJARS/ACRIM
11 experimcnis< Unfortunately tile Sh’1h’1  Inission  ended in late ] 989, two years before
UARS could be launched (the result of tl]c  Space Shuttle hiatus fc)llowing  tile Cllallcnger
loss ) .  ‘J’lIc rela,tions]lip  bet}vecn  t}]e ACItIhl 1 and AC1tIM 11 e x p e r i m e n t s  has insteacl
becll  established using a ‘third party’ overlap strategy using the results of comparisons
of bot}l ACI{,IM I and ACltl  M 11 with  the NTi~ill)~~s7/1’;Il,IJ  e x p e r i m e n t .  q’he ratio of
ACIUhf  11 to ACR,lhl  I is 1.001759 wit]l  a statistical uncertainty smaller than 10 ppm,
a demonstration of the capability of the ‘overlap strategy’.

‘J’he Ni]nhus 7/I+; l{,l\  experiment ceased accluiring clata in early 1993. ‘1’he ou t look
for current ‘J’S] monitoring experiments by ACl{Ih4 11 and 1;1{1{S must be viewed with
a degree of ~)essimism. J~;RIM has been in fligl)t nearly a decade, it could fail at any
time without surprising anyone. Several problc~ns  IIave already surfaced with tile UARS
satellite: tllc batteries are cleteric)ratilig  faster than anticipated, ancl tile primary solar
panel drive system  has  failed. Neither may last illto tl]e SOIIO/Vll{,GO  timeframe of
1995 ancl bcyoncl.

S0110 is assumed to be at least a 3 year minimu~n mission, but its follow-on, llOS/ACRlhl,
is nc)t scheduled until 2002 in current  plans. ‘J’l]e probahi]ity  of a ‘J’S] data  gal) in t h e
mid or late 1 990’s or early 2000’s is high.

Additional solar monitoring experiments are needed hctwecn 1994 and 2003 tc) guar-
antee  continuity of the hig]l  precision ‘J’S] database. Failure to implclne.nt tllcln  may
])rocluce an unbridgeable gap in tllc long term ‘J’S] datahasc  at the level of precision
rec]uired to provide a cc)ntiguous, long-term ‘J’S] datal)ase  for climate and solar  ]Jllysics.
If a gap in monitoring occurs it will become necessary to start tile Iligll  prcc.isic)n  2’S1
database over again in 2003, with tile relalic)~lslli]) hctwcen it and tllc current da.ta.l)asc
unknown wit]] useful precision.
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. 7. ]1.ecollllllclldatiollsfor  saving the total  solar irracliance database
A combination of the continuation of one and tile addition of a ‘1’S1 Mission comprised

of a series of new, low cost flight experiment activities cluring  the mid-to-late 1 990’s  could
provide a high probability of preserving the contiguous ‘1’S1 database. The first would
be ~hc continuation of the annual flights of the shutt]c ‘J’S] comparison instrumentation
bcyoncl  its currently planned third and final flight in the Arl’I,AS series of missions in
1994. ~’he A“l’l,AS/ACRIM  experiment can sustain a year-to-year precision of better
than 300 ppm. ‘J’his is far short c)f the 20-50 j>p~n  desired but much superior to the 2000
pplil  of ambient ‘I’S] experiment accuracies, and comparable to the probable perforlnance
of flight versions of the cryogenic ‘1’S1 experiments.

g’he first  in the series of new flight ex])erimcnts  would have to be launched soon to
guarantee overlap with  UA lU3/ACRIM  11 and S011 O/VI It(JO. New small  satellite and
‘3’S1 instrumentation developments make this a pcltential]y  feasible, science-effective and
cost-effective possibility. Ideally, two ~’Sl satellites should be launched initially. l’ollowing
comparison, one of the two small satellites would continue monitoring on a full time basis
and the other would be saved (except for periodic re-comparisons)  as backup  for the first.
Grouncl spares would be launched as replacements upon failure of one of tile first two
satellites, replacing the reserve satellite capability and adding redullda.ljcy.  Such a ‘1’S1
mission approach could provide an optimum ]ong; term monitoring modali ty.
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